older crustal material in most other parts of the Mozambique Belt. Combination of Nd and Sr model ages and Pb isotopes on leached This juxtaposition of ancient with juvenile crustal segments is feldspars reveals distinct model age provinces not recognized
Pb values point to U loss in the Archean
their different behavior in crust and mantle processes, so eastern hinterland. These roughly N-S trending highgrade gneisses east of the craton were traced by Holmes that the combination of these isotope systems provides insights that prove most valuable in high-grade and (1951) from Mozambique northwards through Tanzania into the northernmost areas of Kenya and Uganda, and polymetamorphic terranes, where substantial information is lost during later metamorphism.
were interpreted to be younger than the craton. Holmes (1951) provisionally dated the Mozambique Belt at~1300 Major fractionation between Sm and Nd occurs during melt extraction from the mantle. Processes in the crust Ma, but it was later found that the belt was strongly affected by the 'Pan-African thermo-tectonic episode' including partial melting and high-grade metamorphism usually have only a minor effect on Sm/Nd systematics, defined by Kennedy (1964) . Shackleton (1967) proposed which makes the Sm-Nd system ideally suited for the that the Mozambique Belt extends further north into determination of model mantle extraction ages (DePaolo, Ethiopia, and that it has a complex history. Shackleton 1988) .
(1967) also proposed that the Mozambique Belt comprises The Rb-Sr isotope system is less suited to obtain model Archean basement and several younger metasedimentary mantle extraction ages because major changes in the sequences. Rb/Sr ratio can also occur in the crust by magmatic Rb-Sr whole-rock dating has previously been the main differentiation, metamorphism, weathering and sedi-source of age information in Tanzania and Kenya (e.g. mentary processes. As a result of these processes possibly Wendt et al., 1972; Gabert, 1973; Gabert & Wendt, 1974;  affecting the Rb/Sr ratio of a rock, interpretation of the Priem et al., 1979; Bell & Dodson, 1981) , which refined Sr isotope systematics of polymetamorphic rocks is often the concept of Holmes (1951) for the Precambrian geology problematic.
of Tanzania and delineated absolute ages for rock forIn contrast to the Sm-Nd system, changes in Th/Pb mation and metamorphism. Three cycles of metaand U/Pb occur mostly during crustal processes such as morphism were derived from this database and partly metamorphism, hydrothermal alteration, sedimentation later refined by U-Pb data. An Archean event affected and weathering, as a result of the different solubilities of the craton at~2550 Ma (Bell & Dodson, 1981) , an U, Th and Pb in crustal fluids (Faure, 1986) . The U-Pb Early Proterozoic event older than 1900 Ma affected the system alone also preserves information on the time of Ubendian and Usagaran domains parent/daughter fractionation within the crust. Minerals (framing the craton in the west and with very low U and Th, but high Pb content (e.g. galena) the east respectively; for Usagaran see Fig. 1 ), and a preserve the Pb isotopic composition during growth. Neoproterozoic (Pan-African) event influenced the whole Feldspars have also very low U/Pb and Th/Pb, but are Mozambique Belt, including to some extent the Usagaran far more abundant than galena and provide an estimate belt . The age of the Pan-African of Pb isotope composition of the whole rock during metamorphic event in Tanzania has now been dated at its last equilibration. Leaching ensures that only Pb 615-650 Ma on the basis of U-Pb monazite geoincorporated during growth and not added by in situ chronology from granulites in the Mozambique Belt decay of traces of U and Th and by Pb deposited in (Möller et al., 1994; Möller, 1995) , consistent with some cracks and grain boundaries (Ludwig & Silver, 1977 ; U-Pb zircon data obtained previously (Coolen et al., Tilton et al., 1981; Mezger et al., 1989 ) is analyzed.
1982; Maboko et al., 1985; Muhongo & Lenoir, 1994) . The use of Pb isotope systematics from leached feld-Age differences of about 10-15 my occur between the spars in combination with Sm-Nd systematics overcomes different granulite mountain ranges studied in this paper. a well-known ambiguity of Nd model ages where mixing For the purpose of this study it is sufficient to take the of old and young material leads to intermediate Nd upper age limit for Pan-African high-grade metamodel ages (Arndt & Goldstein, 1987) , and it is often not morphism in eastern Tanzania at 650 Ma. possible without such additional information to recognize
The interpretation of the nature of the Mozambique that mixing has occurred (DeWolf & Mezger, 1994) .
Belt has led to an important controversy between plate tectonics (Burke et al., 1977) , vertical tectonics (Watson, 1976) , and ensialic origin (Kröner, 1977) . Early on it was thought that the Pan-African metamorphic event had
GEOLOGICAL SETTING
just reworked previously existing (Archean) crust (Watson, 1976; Kröner, 1977) . This view was challenged by Burke The Mozambique Belt is a major orogenic belt along the east coast of Africa. It stretches from the south of et al. (1977) , who interpreted the Mozambique Belt as one of the prime examples of collisional belts formed by Mozambique to Sudan and Ethiopia and thus is similar in scale to modern mountain belts such as the Andes plate tectonic processes, which involves the formation of new crustal material in a standard Wilson cycle (e.g. or the Himalayas (Fig. 1) . Holmes (1951) defined the Mozambique Belt on the basis of the discontinuity of Miyashiro et al., 1984) . Paleomagnetic evidence also suggests that a 'Mozambique Ocean' was once present structural trends between the Tanzania Craton and its Coolen (1980) , after the geological map of Tanzania (Quennell, 1960) . Newly recognized granulite occurrences in the Mozambique Belt after Appel et al. (1998) . The western limit of Pan-African metamorphic influence on the Usagaran Belt is indicated by a dashed line after Gabert (1973) and Priem et al. (1979) . Numbers show sample locations (Nd and Sr whole-rock isotopes and Pb isotope composition of leached feldspars). VOLUME 39 NUMBER 4 APRIL 1998 but the oceanic crust was consumed during the collision structure and grade of metamorphism (Coolen, 1980; of East and West Gondwana (Meert et al., 1995; Meert Appel et al., 1998 ). & van der Voo, 1996 . Outlining the rival tectonic Our set from Tanzania comprises samples from a belt concepts stresses the importance of the recognition of of eclogite-facies rocks close to the Archean craton; from crust-formation events for multiply metamorphosed oro-the Archean craton; from the granulite complexes formed genic belts in general, and for the Mozambique Belt of by the Pare Mts, Usambara Mts, Umba Steppe and the Tanzania in particular.
Uluguru Mts; and from some lowland migmatite and Stern (1994) proposed the use of the term 'East African granulite exposures between the mountainous granulite orogen' for the areas covered by the older terms 'Arabian-complexes (Fig. 1) . Each of these areas may have a Nubian shield' and 'Mozambique Belt' in East Africa distinct geodynamic history, which this study aims to because he argued that it is appropriate to view the resolve with the combined Nd, Sr and Pb isotope syswhole area as the product of a single, Pan-African, Wilson tematics of their rocks. As discussed above, it is the cycle. Stern (1994) suggested that the two areas belong combination of the isotopic data that should improve to the same orogenic belt and that their respective greatly data interpretation in terms of true crust formation characteristics are expressions of plate-tectonic processes and possible metamorphic or other influences. Typical in different geotectonic settings of the same orogen. The rock types were chosen and comprise mostly enderbitic Arabian-Nubian shield contains large tracts of newly but also charnockitic to gabbroic orthogneisses from the formed crust and abundant ophiolites, and is interpreted granulite-facies complexes, eclogite from the eclogite- (Stern, 1994) as a collage of accreted terranes, whereas facies complex in the Usagaran Mts and granitoids as the Mozambique Belt (MB) with its high-grade gneisses well as granitoid gneisses from the Archean craton. resembles the deeply eroded root of the orogen that Where available, metapelites complete the sample set as experienced further uplift during rifting in the Phanero-indicators for crustal provenance. zoic and was more affected by uplift related to the formation of the East African Rift.
Of special interest are ages of crust formation and their
RESULTS
relation to the assembly of the crust of East Africa and Gondwana. Assumptions on the regional extent of the The Sm-Nd and Rb-Sr data are listed in Table 1 and rejuvenated versus the juvenile part of the MB have include duplicates for dissolution and mass-spectrometer largely been based on lithostratigraphy, structures or analyses. Major and trace element analyses, including metamorphic grade (Key et al., 1989; Muhongo, 1991;  rare earth elements (REE), by X-ray fluorescence (XRF) Pinna et al., 1993) . Isotope data on the amount and and inductively coupled plasma mass spectrometry (ICPdistribution of crust added to pre-existing Archean ma-MS) for all these samples have been reported by Appel terial within the Mozambique Belt are scarce. Some (1996) . A table with descriptions of sample locations and U-Pb zircon data on the granulites showed evidence for the mineral assemblages is available on request from the either Proterozoic (Maboko et al., 1985) or Archean first author. (Coolen et al., 1982) Liew & Hofmann, 1988) . For the discussion here, western limit of the Pan-African metamorphic overprint the model proposed by Goldstein et al. (1984) was selected. on the older event (Wendt et al., 1972; Gabert, 1973;  This model assumes a linear evolution of 143 Nd/
144
Nd in Priem et al., 1979) . This metamorphic front runs in a the depleted mantle from a 4·6 Ga deviation from CHUR SW-NE direction and closely approaches the craton on to a modern Nd value of approximately +10 (Fig. 2) , its eastern flank (Fig. 1) . However, this subdivision does and is based on the highest Nd value of young mantlenot a priori indicate the extent of these crustal domains derived rocks. These values represent the most likely before the orogenic cycles or the age domains within the depleted mantle composition, because crustal conMozambique Belt.
tamination would lower the 143 Nd/
Nd values sigThe best exposures in the Mozambique Belt of eastern nificantly (Goldstein et al., 1984) . Choice of any other Tanzania are the granulite complexes, some of which are model would not alter the conclusions of this paper, interpreted as fault-bounded mountain ranges (Bagnall, because throughout the age-range of the Tanzanian 1963; Bagnall et al., 1963; Sampson & Wright, 1964) . These complexes exhibit striking similarities in lithology, samples, the difference of Nd model ages calculated from et al. (1988, 1994) ]: Nd ratio of the continental crust (Taylor & McLennan, 1985) . Samples with sample numbers in bold typeface are used in diagrams. Nd ratios higher than 0·15 is plotted as broken lines. The isotope evolution lines for depleted mantle models are calculated for the models proposed by DePaolo (1981) and Goldstein et al. (1984) . the models of Goldstein et al. (1984) and DePaolo (1981) Fig. 3 ) are in the typical range for crustal rocks of 0·09-0·13 (Taylor & McLennan, 1985) and similar to by mantle endmember calculations of Allègre et al. (1983) .
These isotopic ratios have been used to calculate the those found by Milisenda et al. (1988 Milisenda et al. ( , 1994 Nd ratios >0·15, as observed in one eclogite sample (T69G 4·6 Ga. Sr model ages for the Tanzanian samples were then calculated (Table 1 ) from intersection with the Mb), one enderbite (P20-1) and two garnet-rich metapelites (A167-16 and A16G), corrected Nd model ages depleted mantle evolution. For samples with low parent/ daughter ratios (<0·2) which do not yield meaningful were also calculated assuming a pre-metamorphic average crustal 147 Sm/ 144 Nd of 0·12 following the procedure model ages, a correction procedure similar to that used for Nd has been applied for comparison, using the Rb/ outlined by Milisenda et al. (1994) . However, because of the possibility that these high Sm/Nd values are caused Sr value of average continental crust.
The Tanzanian high-grade rocks show an enormous by alteration in the crust and because of the higher uncertainty related to low-angle intersection with the variation in There is little correlation between sample provenance 144 Nd, which may have retained their mantle signature, this is interpreted as an indication for depletion of Rb, and the parent/daughter ratio except for lower 147 Sm/ 144 Nd values that are restricted to meta-granitoids of the possibly during crustal processes (e.g. high-grade metamorphism), especially where low parent/daughter ratio craton and migmatites and granulites of the lowlands.
Evolution models for distinct geochemical Sr reservoirs is coupled with very radiogenic Sr. Trace element ratios also show that Rb has been depleted with respect to K are harder to define, because of the much larger variability in isotope composition and concentration of Sr. A recent and Sr in many of the orthogneiss samples of this study VOLUME 39 NUMBER 4 APRIL 1998
Fig. 3.
147 Sm/ 144 Nd plotted vs 87 Rb/ 86 Sr (note log-scale) for high-grade rocks from Tanzania. Shown for comparison are the parent/daughter ratios for average continental crust (cc) and depleted mantle (dm). For Sm-Nd, cc value is taken from Taylor & McLennan (1985) , dm value from Goldstein et al. (1984) . Ratios for Rb-Sr are calculated from modern 87 Sr/
86
Sr of 0·720 for cc and 0·702 for dm (Hofmann, 1997) . The samples show little variability in Sm/Nd, but a large spread in Rb/Sr, with many Rb/Sr ratios of orthogneisses well below the depleted mantle value. (Appel, 1996) , possibly during high-grade metamorphism. and the granulite-facies orthogneisses from the lowlands The high-grade metasediments on the other hand display of the Mozambique Belt. This patchy distribution of 87 Rb/ 86 Sr values which are consistent with average con-Archean Nd model ages suggests that Archean crustal tinental crust or higher; none show signs of depletion or material played an important role in the constitution of values envisaged for the lower continental crust. the belt and that it was not everywhere mixed with younger crustal material. Remelting and mixing with juvenile melts are hence not likely to have been pervasive processes.
Nd isotopes
Four metasedimentary samples from the Usagaran belt The regional distribution of Nd model ages is portrayed have Nd model ages that are indistinguishable from that on a simplified geological map of eastern Tanzania (Fig. 4) of the Archean craton and thus these rocks are probably showing the most important geological units of eastern derived from this source without the addition of major Tanzania and some of the granulite complexes in the amounts of new crust. An outlier to this well-defined Mozambique Belt. This distribution of apparent crustal group is the garnet-rich metapelite sample from the Great residence ages suggests that there are at least three age Ruaha River (sample A167-16) with a 147 Sm/
144
Nd ratio provinces within the orogenic belt, each with its own of 0·16, which yields a model age higher than the age pre-metamorphic history.
of the Earth. More than one fractionation event has The first group has model ages between 2·7 and 3·3 affected this sample as it may have undergone more than Ga and is represented by meta-granitoids of the craton one cycle of weathering, sedimentation and metatogether with eclogite-and amphibolite-facies rocks from morphism. It is therefore excluded from further disthe Usagaran domain. No distinction of crustal history is possible between the samples from the Archean craton cussion. Goldstein et al. (1984) . It should be noted that Archean Nd model ages cover not only the granitoids of the Tanzania Craton and the metapelites and eclogite of the Usagaran Belt, but also amphibolite-facies migmatites and some granulites of the lowlands in the Pan-African belt. Rocks with young model ages <1·5 Ga occur only in the granulites of NE Tanzania and the eastern Uluguru Mts, whereas all samples from the western Uluguru Mts yield significantly older model ages. Sr ratios for high-grade polyof NE Tanzania (Pare, Usambara, Umba, Wami) and metamorphic rocks is complicated by the possible changes the granulites of the eastern Uluguru Mts. This group of in the Rb/Sr ratios during crustal processes discussed granulites can be explained as juvenile additions to the above. Therefore only the time-integrated effects are crust between 1·5 and 1·1 Ga, or alternatively as a displayed in a conventional isochron diagram (Fig. 5) . A product of mixing of juvenile material during the Pan-rigorous interpretation of the data arrangement in terms African orogenic cycle (~0·65 Ga; Möller et al., 1994) of geologically meaningful ages is not advisable because with small amounts of pre-existing crustal material pos-the large area covered in this study and the variety of sibly from the Archean Tanzania craton and the Usa-rock types certainly preclude cogenetic origin or hogaran Belt, or other older terranes today separated from mogenization events affecting all samples. Nevertheless, Tanzania by the Indian Ocean. Other explanations with-it can be noted that the data align along two major out mixing of older components include the derivation trends with different slopes and slight differences in the from a mantle with curvilinear evolution (DePaolo, 1981) initial ratios (Fig. 5) . However, both trends are almost as shown in Fig. 2 , where the isotope evolution lines of entirely based on the few metapelite samples with high most granulites cross the depleted mantle curve of De-Rb/Sr ratios. One of these trends has a low initial 87 Sr/ Paolo (1981) between 0·9 and 1·0 Ga. Another possibility 86 Sr ratio of about~0·704 and follows a reference line is extraction early in the Pan-African orogenic cycle from corresponding to an age of~740 Ma. Although it cannot a less depleted mantle, which may be expected where be assumed that this subset (consisting of the granulites subcontinental lithosphere is involved. This was invoked from the Pare and Usambara Mts, the Umba Steppe, as the source of 740 Ma granulites in Sudan, which are Wami River and the eastern Uluguru Mts) rigorously interpreted as the northern extension of the Mozambique fulfills the criteria for geological significance of wholeBelt (Stern & Dawoud, 1991) . rock isochrons, it can be observed that all samples with The third group of samples indicates mixing between Nd model ages <1·6 Ga plot close to this Pan-African crustal material of different ages. Regionally restricted to reference line. The alignment could suggest partial isothe northwestern and southern part of the Uluguru Mts, topic homogenization during the Pan-African high-grade these samples show Nd model ages between 2·1 and 2·6 metamorphism (pervasive fluids released by metamorphic Ga. This may indicate a localized crust formation event dehydration reactions), or a juvenile common mantle during this time, but as these model ages are restricted source for these samples. The latter seems unlikely beto a narrow band between the Proterozoic rocks of the cause metasediments also fall on this reference line, eastern Uluguru Mts and older Archean rocks of the and would then have had little time to be eroded and surrounding lowlands it is possible that they result from deposited, then buried and metamorphosed together with mixing of cratonic and/or Usagaran material with some the orthogneisses. Another reason for the metasediments Proterozoic juvenile material during the Pan-African to fall on an errorchron may be equilibration with orogeny. This interpretation will be further investigated seawater Sr during deposition. with the help of whole-rock Sr isotope systematics and
The second array has a higher initial 87 Sr/
86
Sr ratio the Pb isotope composition of feldspar from this area.
of 0·705 and follows a reference line corresponding to an It is striking that a possible boundary between two of age of~2100 Ma which may be the result of incomplete Sr these crustal domains lies within the Uluguru Mts gran-isotopic equilibration during the Usagaran-Ubendian ulite complex. This tentative boundary is not clearly orogeny at 2 Ga. Except for the samples from Mautia defined in the Pan-African metamorphic history (Appel Hill (T65-2 and A158-9), the granodiorite from the et al., 1998), but appears to be masked, notwithstanding border of the Archean craton (A164-1) and the mafic that there is an apparent lithological contrast between eclogite (sample T69G Mb), all samples with Nd model the eastern and western Uluguru Mts (Sampson & Wright, ages >2 Ga define this errorchron. On an expanded 1964). The eastern Uluguru Mts consist of a supracrustal scale (Fig. 5b) , the samples with the low Rb/Sr ratios sequence with dominant marbles and metapelites, show that the initial value of the 2·1 Ga errorchron is whereas the western part of the granulite complex is poorly defined. Samples with low 87 Sr/ 86 Sr ratios have dominated by orthogneisses and a large anorthosite in-low parent/daughter ratios that may have been acquired trusion, and metasediments are scarce. This lithological during earlier (pre-2 Ga) high-grade metamorphic events. boundary may coincide with the age province boundary. The very high Rb/Sr ratio of kyanite schist A158-9 and A similar situation has been found in the granulites of the unusually low Sr content of both metasediments from Sri Lanka, where Pan-African metamorphic gradients Mautia Hill (Table 1, Fig. 3 ) suggest that both samples lost cross lithologic and age province boundaries outlined by Sr, possibly during sedimentation or later metamorphism. This is consistent with the observation that both samples Nd isotope mapping (Raase & Schenk, 1994) . Ludwig (1994) higher Rb/Sr ratios, which also yield Sr model ages <2 separates allow distinction of four groups of basement Ga (Table 1, Fig. 6 ). However, most of these rocks are rocks in eastern Tanzania. The first group is defined metasediments. This result confirms the interpretation by granitoids of the craton together with eclogite-and based on Nd isotopes that these granulite-facies rocks amphibolite-facies rocks from the Usagaran domain. The have Mid to Late Proterozoic formation ages and contain feldspars from this group have strongly retarded common no or very little contribution from pre-existing material Pb (Fig. 7) , which is consistent with the Archean Nd with a prolonged crustal history. model ages between 2·7 and 3·6 Ga. Samples from the Assuming that Rb depletion caused the very low Rb craton as well as the Usagaran Belt lie above the Stacey contents in some samples, model ages can be calculated & Kramers (1975) (S&K) Pb-evolution curve, and require assuming the original Rb/Sr ratio and knowing the time extraction from an S&K source at or before 3 Ga. The of Rb depletion (see Table 1 ). Some 'corrected' Sr model primitive character of the Pb in the feldspars indicates ages from Pare and Usambara Mts granulites which are that the feldspars are still pristine and thus the cratonic estimated in this way actually do show good correlation rocks did not undergo metamorphism in post-Archean with Nd model ages ( Table 1 ), suggesting that Rb de-time. The samples from the Usagaran domain can be pletion indeed occurred during that metamorphic event interpreted to be derived from this Archean material and (see discussion above). Most of the craton samples, the these feldspars equilibrated with the whole rocks during migmatitic granulites from the Mozambique Belt low-the Ubendian-Usagaran orogeny at~2 Ga (Möller et (Fig. 7b) , widely from the Nd model ages and are also not consistent where the data points follow the S&K evolution curve. with the Pb isotope composition of leached feldspars. It The Nd model ages are also consistent with this inis thus apparent that Sr model ages are difficult to terpretation of the Usagaran domain as mainly reworked interpret if calculated without knowledge of other isotopic Archean material. One sample from the border of the data and can only yield supplementary age information.
Archean craton with the Usagaran Belt (A164-1, labeled Craton border in Fig. 7 ) plots slightly below the S&K
Pb systematics of feldspars
reference curve and to more radiogenic values compared with the rest of the craton samples. This position may Table 2 lists the Pb isotope data obtained on feldspars in this study. The Pb isotope ratios from leached feldspar be explained by later re-equilibration of this sample Error is the absolute 2 mean within-run precision on the last digit of the measured value. Bold type indicates the analysis used in diagrams from duplicate samples. Pl, plagioclase; Kfs, K-feldspar. * Pb model ages and value calculated with Isoplot program (Ludwig, 1994) . Pb ratios require at least a two-stage Pb evolution, the first 1·1 and 1·5 Ga (Pare, Usambara, Umba, Wami and the eastern Uluguru Mts granulites). The Pb data from these stage of which would be similar to the samples from the craton. The second stage requires an almost complete samples plot in a tight array below the S&K evolution curve and to the right of the 1·0 Ga geochron in the loss of U, but not Th, from the whole rock in the Archean as the most likely cause of their primitive uranogenic Pb 207 Pb diagram (Fig. 7a) . These granulites plot along a secondary isochron, calculated for = isotope ratios. As indicated by geochronologic data on metamorphic minerals (Möller, 1995) , the migmatites 9·7, with isotopic evolution between 1·3 and 0·5 Ga, consistent with a whole-rock Pb evolution for the timespan were later metamorphosed during the Pan-African orogeny. The high values of the whole rocks then led to between the average Nd model age and the post-metamorphic closure of feldspar for Pb. The data are similar high 208 Pb/
204
Pb ratios and to little change of 206 Pb/ 204 Pb ratios in the feldspars compared with samples from the to, but span a wider field than, Pb isotopic data from juvenile Pan-African rocks (dated by U-Pb on zircon at Archean craton in the timespan between the early U depletion event and the Pan-African metamorphic event. 570-660 Ma) from the Arabian-Nubian shield (Stacey et al., 1980; Stacey & Stoeser, 1983) .
This implies that depleted Archean crustal material was incorporated and reworked in the Mozambique Belt The spread in 207 Pb/
Pb ratio exhibited by the youngest group of samples is still extremely narrow and only half during Pan-African times and that the lowland migmatites and granulites already experienced an early first metathe spread of modern mid-ocean ridge basalt (MORB) (Hofmann, 1997) . This tight array precludes in-morphic event, probably in the Archean.
Earlier studies of Pb isotopes on galenas and feldspars corporation of older crustal components because those would have produced a much larger spread in the 207 Pb/ from rocks of the Archean Tanzania Craton and from the Early Proterozoic Ubendian Belt to the west of the 204 Pb ratios, as is found in the samples from the western Uluguru Mts (see below). Like the Archean samples, craton (Robertson, 1973) Pb diagram (Fig. 7b ). techniques and lower analytical precision of the older data into account, the galena data are consistent with Samples from the eastern Uluguru Mts (Fig. 1, 13-19) , some of which have low Nd as well as low Sr crustal the data on leached feldspars from this study and support the notion that the Pan-African metamorphic event had residence ages, plot in the same region of the diagram as the NE Tanzania granulites of the second Pb isotope a strong influence on the Early Proterozoic provinces of the Ubendian as well as the Usagaran domains. group. They also fall on the same secondary isochron (Fig. 7a) , which is interpreted as further evidence for a The Pb isotopic compositions of galena (Fig. 8 ) from the Nyanzian volcanics of the Archean Tanzania Craton common crustal history of these domains and a boundary between different crustal age domains within the Uluguru (Robertson, 1973) are similar to the three most primitive Pb isotopic compositions obtained from the granitoid Mts.
The third group (western part of the Uluguru Mts) gneisses of the craton presented above (Fig. 7) and are consistent with a growth curve with = 11. Most of shows a large variation in the 207 
Pb/ 204
Pb ratios, indicating the influence of old reworked crust. The steep array the isotopic ratios of galena are more primitive than the feldspar data, which may reflect their insensitivity to later in the 207 Pb/ Pb diagram mon Pb source at 2·8 Ga. This consistency indicates that the Archean Pb isotope composition may be characteristic (Fig. 7b) , Archean crustal material of the type of the lowland migmatites and granulites did not contribute for a larger portion of the granitic gneisses that can be grouped with the Archean Karagwe-Ankolean system of significantly to the protoliths of these rocks. The combination of the Pb isotopes with the intermediate Nd the traditional Tanzanian stratigraphy (Harpum, 1970) and can today be found as far east as sample A154 in model ages and the large spread in the Nd model ages indicates that these rocks from the Uluguru Mts formed the Mozambique Belt (location 31 in Fig. 1) .
Galena from mineralized veins in the central Ubendian as a result of mixing of crustal material of different residence ages.
( Fig. 8a) yields relatively young Pb model ages in a tight range of 1·5-1·7 Ga with values equal to or slightly The fourth group are the lowland migmatites and granulites in the Mozambique Belt with Archean Nd higher than the evolution curve suggested by Stacey & Pb diagram for galena data of Robertson (1973) for rocks from the Tanzania Craton and the Ubendian Belt, with the Pb isotope growth curve of Stacey & Kramers (1975) , growth curves for values of 5 and 2·5, and the 1·0 Ga primary isochron for reference. Pb isotope data for leached feldspar of this study (circles) are shown for comparison in both diagrams. Kramers (1975) . This is consistent with the data obtained
The galena Pb isotope data from the southern Ubendian Belt (the Lupa goldfield on the southwestern on the leached feldspars from the Usagaran, which also lie above the S&K curve and yield only slightly different fringe of the Tanzania Craton) show considerable scatter in the 207 Pb/ Pb/ phibolite-facies migmatites between the Pan-African granulite mountains suggest a complex regional dis- 204 Pb diagram (Fig. 8b) , the samples can be interpreted in the same manner as in 207 
DISCUSSION
as for Tanzania for a wider region and identify targets Combination of Nd model ages with Pb isotopic com-for further combined isotope studies. The relevant regions position of leached feldspars reveals distinct and pre-that once constituted part of central Gondwana occur viously unrecognized crustal tracts in the Mozambique around today's Indian Ocean (East Africa, India, Belt of Tanzania. Archean crustal material is not re-Antarctica, and possibly SW Australia). stricted to the Tanzania Craton itself but prevails in the Published Nd whole-rock data from East Africa are Usagaran-Ubendian Belt and is also widespread in the scarce. Only 15 results are available for Kenya, Uganda eastern part of the Mozambique Belt, which has been and Madagascar, none are available for Mozambique affected by granulite-facies metamorphism during the and Malawi. Recent studies on granulites, gneisses and Pan-African orogeny (Coolen et al., 1982; granites from the craton, the Usagaran Belt and the Pan-1994) . In this latter area there is a significant amount of African belt of Tanzania by Maboko (1995) , and Maboko juvenile material formed during a relatively short time-& Nakamura (1996) encompass 32 samples and provide span in the Middle to Late Proterozoic. However, despite an important addition to the database presented here. the widespread occurrence of these juvenile granulite Their results on the Tanzania Craton and lowland migcomplexes, they do not form the majority of outcrop in matites and granulites are fully consistent with this study the Mozambique Belt. The emplacement in their present-in their small range of Archean ages between 2·8 and day relation with the adjoining Archean gneisses may in 3·1 Ga. Variably deformed granitoids from the Usagaran fact be due to nappe piling late in the Pan-African Belt exhibit slightly younger Nd model ages than samples orogeny during final collision of East and West Gond-from the craton, explained by mixing of juvenile, mantlewana.
derived melts with pre-existing Archean crust during the Mixing of Proterozoic and Archean crust occurred Usagaran orogeny (Maboko & Nakamura, 1996) . The only locally along a narrow band which is now partly Usagaran metasediments of this study yield older Nd exposed in the western Uluguru Mts. The isotope data model ages (2·7-3·1 Ga, indistinguishable from results thus provide strong evidence for most Proterozoic crustal of the Archean Craton) than these Usagaran granitoids growth in eastern Tanzania by lateral accretion of~1·0-(2·4-3·0 Ga) studied by Maboko & Nakamura (1996) , 1·3 Ga old material onto an Archean nucleus. This which indicates that little or no juvenile material of accretion must have been completed before the Pan-the Usagaran orogeny was eroded to contribute to the African orogeny, as no structural or metamorphic dis-metasediments. The Mid-Proterozoic Nd model ages continuity can be correlated with the age domain bound-found in the W Uluguru Mts by Maboko (1995) can also ary within the Uluguru Mts. There is no known field be explained by mixing of different source rocks, as evidence for this geodynamic interpretation, probably evident from the Nd, Sr and Pb isotopic results of this because any such evidence was destroyed by the intense study for the same region. However, contrary to the deformation and metamorphism during the Pan-African interpretation of Maboko (1995) (Maboko et al., 1985) render their explanation as juvenile additions to the crust and Madurai Block, Palghat-Cauvery shear zone, the Highland Complex of Sri Lanka, Androyan granulites at that time equally possible. It has clearly been shown by Nd model age and Pb isotope data of this study that of SE Madagascar, Usagaran Belt of Tanzania). The Nd model ages are dominantly Archean, but some are as the W Uluguru Mts cannot serve as a model for all PanAfrican granulite complexes in Tanzania because they are low as 1·4 Ga (Trivandrum Block in South India) and suggest that these regions have been subject to several isotopically distinct from the granulites of NE Tanzania as well as the E Uluguru Mts. The Pb isotopic signature crust formation events which produced a wide range of apparent crustal residence ages. These areas include of leached feldspars from the lowland migmatites and granulites distinguishes these from the other samples with polymetamorphic areas, and could mark the proximal part of active continental margins on old Archean nuclei Archean Nd model ages, those of the Usagaran Belt and the craton. This difference suggests that the pre-Pan-(Usagaran Belt).
(3) Crustal domains which have Nd model ages from African crustal history of the Archean components in the MB is different from the history of the Tanzanian craton the Late Proterozoic to the Early Proterozoic or Late Archean (1·0-2·6 Ga) suggesting extensive mixing of and cannot be regarded as simply the result of PanAfrican reworking. Loss of U in all three lowland mig-material with different crustal residence ages (Rayner complex, Heimefrontfjella, Sverdrupfjella, Vijayan and matite samples studied here did probably occur during an Archean high-grade event.
Wanni complex, western Kenya, W Uluguru Mts), but little involvement of Archean crust. These may be distal For correlations on a larger scale,~380 whole-rock Nd results were compiled (Table B1 , Appendix B) from parts of Proterozoic orogenic belts girdling Archean cratons or domains which include Proterozoic accreted the available literature on Precambrian rocks of other fragments of central Gondwana (East Africa, Ma-terranes not spatially resolved.
(4) Strictly Mid to Late Proterozoic areas (1·0-1·7 Ga) dagascar, South India, Sri Lanka, Antarctica). The compiled data are summarized in a series of histograms with no Nd model ages older than 1·7 Ga (Pare and Usambara Mts, Umba Steppe, E Uluguru Mts, the (Fig. 9 ). All Nd model ages were recalculated using the depleted mantle model of Goldstein et al. (1984) Nd >0·15 constitute Proterozoic arcs or the distal zone of late Proterozoic continental margins with limited mixing. are not plotted or discussed because of potential alteration in the crust (see discussion above).
It has to be noted, however, that this classification, based on Nd model ages alone, is not sensitive enough The compiled Nd data for high-grade rocks are presented in a simplified map of central Gondwana (Fig. 10) , to distinguish differences in age distribution between the Rayner complex and the Heimefrontfjella (Table 3) in modified after Kriegsman et al. (1993) and Windley et al. (1994) . Four types of crustal domains can be distinguished Antarctica and the Wanni and Vijayan complex in Sri Lanka (Fig. 9g ) which all fall into the category (3), on the basis of the Nd model ages in this part of Gondwana.
although these have distinct age spectra. The Heimefrontfjella and Vijayan complex are the younger (more (1) Strictly Archean domains with Nd model ages >2·6 Ga (e.g. Tanzania and Karnataka craton, Tanzania juvenile?) terranes.
It is also important to note that metasediments and lowland migmatites, Napier complex, Madras, Nilgiri and northern block of South India, Western Nile complex metaigneous rocks of some domains can exhibit distinct age characteristics, e.g. in the Lützow-Holm Bay and in of Uganda), some of which show very narrow age ranges of no more than 400 my (Madras and Nilgiri Block, the Usagaran Belt, where metasediments are older than the metaigneous rocks of these domains. This trend Tanzania Craton and lowland migmatites) or a nearnormal distribution (Napier complex). The Napier com-suggests that the metasediments were derived from an older exposed hinterland and that some, but not neplex is the oldest of these, with a protracted Archean igneous and metamorphic history. Narrow age bands cessarily all, igneous material is a juvenile addition to the crust. distinguish cratonic areas which have not been affected by later magmatism or tectonism. The bimodal age
We propose that the narrow zone of mixing of crustal units with different ages extends from the W Uluguru distribution of the Karnataka craton and the 'transition zone' is only visible after rejection of samples with high Mts of Tanzania to the Sekerr area of W Kenya. In Kenya, the mixing zone is close to the craton and no Sm/Nd. Yet this distribution may still reflect crustal components with different mantle extraction age and equivalent to the Tanzanian Usagaran belt seems to be Fig. 9 . Histograms of Nd model ages for: (a) Tanzania (29 from this study, Table 1 ); (b) Tanzania, other workers (Ben Othman et al., 1984; Maboko, 1995; Maboko & Nakamura, 1996) ; (c) East Africa with Madagascar (Ben Othman et al., 1984; Harris et al., 1984; Paquette et al., 1994) ; (d) Antarctica with the Napier complex in Enderby Land (DePaolo et al., 1982; McCulloch & Black, 1984; Black et al., 1986; Black & McCulloch, 1987) , the Rayner complex (Black et al., 1987) , the Lützow-Holm complex (Tanaka et al., 1985; Owada et al., 1994; Shiraishi et al., 1995) , the Yamato Mts (Zhao et al., 1995) , the Sør-Rondane Mts (Shiraishi & Kagami, 1992) , and the Heimefrontfjella (Arndt et al., 1991) and Sverdrupfjella (Moyes et al., 1993) from western Dronning Maud Land; (e and f ) South India (Drury et al., 1983; Bernard-Griffiths et al., 1987; Peucat et al., 1989 Peucat et al., , 1993 Choudhary et al., 1992; Santosh et al., 1992; Harris et al., 1994; Brandon & Meen, 1995; Jayananda et al., 1995; Unnikrishnan-Warrier et al., 1995; Bhaskar Rao et al., 1996) ; (g) Sri Lanka (Milisenda et al., 1988 (Milisenda et al., , 1994 Burton & O'Nions, 1990; Kagami et al., 1990) . All data recalculated to modern-day 143 
Nd/ 144
Nd ratio of 0·512638 for CHUR where necessary. Nd model ages calculated with the depleted mantle model of Goldstein et al. (1984) . VOLUME 39 NUMBER 4 APRIL 1998 present. However, further south the lack of Nd data from with the Vijayan complex (despite the trend to higher Nd model ages in the latter) and between the Rayner South Tanzania and Mozambique and the restriction of Nd data for Madagascar to the SE corner of this im-complex areas with the Wanni Complex. The Karnataka craton, the Madras and Nilgiri blocks, all exhibiting portant Gondwana fragment preclude further correlations of early continental crust in these directions. strictly Archean Nd model ages and Archean granulitefacies metamorphism, can be proposed to be equivalents The continuation of the Proterozoic Sri Lankan geological units into the Rayner and Lützow-Holm com-of the Napier complex in the sense that for these areas crustal growth ended in the Archean. The crust-formation plexes of Antarctica (Kriegsman, 1993; Shiraishi et al., 1994) is reflected in the similarity of crust formation ages history of SE Madagascar could be similar to that of the Archean Highland Complex of Sri Lanka, but the large in the Lützow-Holm complex and Sør Rondane Mts spread in Nd model ages for the Trivandrum Block, absence of a pre-Pan-African crustal history of the samples from the Mozambique Belt. In this respect, the which has also experienced Pan-African high-grade metamorphism and lies between Madagascar and Sri Lanka Sr data support the subdivision of the Mozambique Belt made on the basis of Nd isotopic data. in the Gondwana reconstruction, does not allow a more detailed discussion. The Nd model age map (Fig. 10) The Pb isotopic composition of leached feldspars preserves a time-integrated memory of the U-Th-Pb history together with the compiled Nd model age histograms (Fig. 9 ) may be used to look for areas that have not been of the sample before the last homogenization event, in this case the last metamorphic overprint. The Pb data studied extensively yet and may be rewarding targets. An example is the Trivandrum Block, which appears to can thus provide important additional information which supplements the Nd and Sr whole-rock isotope data. have segments of very different crustal residence age and possibly a complex age distribution similar to the The more complex U-Th-Pb isotopic system allows the distinction of subgroups within the groups distinguished Mozambique Belt of Tanzania. by Nd isotopes. Pb data may yield crucial evidence for (DeWolf & Mezger, 1994) or against (Pare and Usambara Mts, this study) mixed-source Nd isotopic composition,
GENERAL CONCLUSIONS
an uncertainty that otherwise troubles the interpretation of Nd model ages as crust-forming events (Arndt & The Nd data on the Tanzanian Mozambique Belt of this Goldstein, 1987) . Hence, Pb isotope data are an instudy allow the distinction of crustal provinces that had valuable tool for the refinement of discussions on the not been identified previously. Whereas other isotopic recognition of crustal provinces in high-grade gneiss belts. systems on minerals (U-Pb, K-Ar) may yield information
The data presented here allow a division of the Moon the latest metamorphic event and subsequent cooling, zambique Belt into distinct provinces with different geothe apparently limited fractionation of Sm and Nd during logic and geochemical evolution as outlined in the crustal processes makes Nd model ages useful guides to Discussion. The combination of different isotope systems the pre-metamorphic history of high-grade terranes. The serves as a particularly powerful tool for the reextensive database on Pan-African granulites from Sri construction of the geochemical evolution of these distinct Lanka (Milisenda et al., 1988 (Milisenda et al., , 1994 combined with the domains. Extension of this approach to larger parts of results presented in this study provide strong support Gondwana will allow a more robust reconstruction of that the Sm/Nd ratios in crustal rocks do not change ancient terrane boundaries and will lead to a reliable significantly during granulite-facies metamorphism. This model for the evolution and the geodynamic setting of conclusion is in contrast to the suggestions of Burton & Precambrian crustal domains. O'Nions (1990) and Choudhary et al. (1992) from the study of in situ charnockites where evidence was found for a change in the Sm/Nd ratio during the granulitefacies imprint. The average Sm/Nd ratio of all studied ACKNOWLEDGEMENTS
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gratefully acknowledged. We thank L. D. Ashwal, J. D. Whole-rock Sr data can also provide protolith in-Kramers and R. J. Stern for their thorough reviews, formation rather than give the age of metamorphism, which helped improve the original manuscript. A. M. but their usefulness is hampered by large variations in thanks B. Mocek for help with the final draft. Research the parent/daughter ratios, which can be the result of was financially supported by the Deutsche Fordifferent crustal processes. The results obtained on the schungsgemeinschaft (DFG) through Grants Sche 265-Tanzanian samples show some linear errorchron align-2/5 and Sche 265-6/1. ment of the data similar to the results of Milisenda et al. (1994) for Sri Lanka, but no exact age significance can be attached to these correlations. However, some Sr model ages or alternatively the initial isotopic ratios REFERENCES calculated for the time of Pan-African metamorphism Allègre, C. J., Hart, S. R. & Minster, J.-F. (1983) . Chemical structure and evolution of mantle and continents determined by inversion of can serve as an additional indicator of the presence or sample powders were dried for 24 h at 110°C. An 149 Sm/ of such ages in terms of apparent crustal residence ages 150 Nd mixed spike was added and the samples were then and their geological significance. Reproducibility based digested in several steps. The first step involved 1 ml of on duplicate dissolutions of samples (Table 1) is usually concentrated HF in a closed 3 ml Savilex screw-top better than 0·4 Nd units, except for a metapelite sample beaker on a hot-plate overnight and drying afterwards unusually rich in the REE-bearing mineral monazite, to reduce the sample size by driving off silica. The second which reproduces only to within 2·7 Nd units (A108G). step was conducted with 1 ml of concentrated HF and This difference, however, is nearly outweighed by differabout five drops of 7N HNO 3 in a Krogh-style Teflon ent 147 Sm/ 144 Nd ratios of the duplicates that yield model bomb within a screw-top steel container, which was ages differing by <40 my. The average difference in the placed in an oven at 210°C for 5-7 days. To break down 147 Sm/ 144 Nd ratios of duplicate solutions is 0·006. Thus, fluorides, concentrated HClO 4 was added to the samples Nd model ages of the duplicates can be reproduced to and then dried on a hot-plate. Residual HClO 4 was within 55 my on average. However, the span of age driven off with HCl.
differences between 4 Ma and 118 Ma indicates that it Sm, Nd and Sr were separated using a method modified is not useful to discuss Nd model age differences on a from White & Patchett (1984) . For the separation of Sr scale of less than 100 my. The reproducibility of dupliand REE as a group, columns filled with about 50 ml cate analyses from the same solution (Table 1) Nd ratio obtained on repeated XRF and/or ICP-MS. For those samples with very analyses of the La Jolla standard during the study was 0·511842 ± 20 (n = 13). Fractionation was corrected low Rb concentrations, however, the error is almost by normalizing the isotope ratios to 146 Nd/ 144 Nd = insignificant, because any calculation with the resulting 0·7219. Sm/Nd ratios were determined to a precision of very low Rb/Sr ratio leads to geologically meaningless 0·2%. A total procedural blank for Nd was determined ages. at 340 pg and is negligible, because Nd content of the The reproducibility of the Sr isotopic composition samples is higher by a factor of~2000.
between runs of 0·0011% is identical to the within-run Rb and Sr concentrations were obtained from X-ray error (resulting in an average difference in Sr model age fluorescence, and ICP-MS for low concentrations [see of only ±2 Ma) and both are thus insignificant in the also Appel (1996) ]. The errors for concentrations and for error estimate on Sr model ages because they are so the calculated 87 Rb/ 86 Sr ratios are in the range of 2-5%. much better than the uncertainty of the Rb/Sr ratio. Thirteen runs of the NBS 987 standard yielded a mean Reproducibility between different solutions prepared 87 Sr/ 86 Sr value of 0·710208 ± 18 (n = 13). Fractionation from the same sample resulted in an average difference was corrected by normalizing the ratios to 86 
